

  water-12-00400




water-12-00400







Water 2020, 12(2), 400; doi:10.3390/w12020400




Article



Evaluating the Risks of Groundwater Extraction in an Agricultural Landscape under Different Climate Projections



Juan S. Acero Triana 1[image: Orcid], Maria L. Chu 1,*[image: Orcid], Jorge A. Guzman 1, Daniel N. Moriasi 2 and Jean L. Steiner 3[image: Orcid]





1



Department of Agricultural and Biological Engineering, University of Illinois, 1304 West Pennsylvania Avenue, Urbana, IL 61801, USA






2



USDA-ARS Grazinglands Research Laboratory, 7207 West Cheyenne Street, El Reno, OK 73036, USA






3



Department of Agronomy, Kansas State University, 1712 Claflin Road, Manhattan, KS 66506, USA









*



Correspondence: mlchu@illinois.edu







Received: 10 December 2019 / Accepted: 31 January 2020 / Published: 2 February 2020



Abstract

:

Groundwater resources worldwide are being depleted at alarming rates since 1960 to support agriculture, industry, and domestic water demand. Water harvesting and the implementation of reduced application or more efficient irrigation technologies were identified as two of the most efficient practices to mitigate the declining patterns on groundwater resources. However, prior to implementing these practices, understanding how groundwater interacts with surface water and responds to natural and anthropogenic stressors is crucial. Integrated modeling tools that are able to exchange fluxes in both domains are needed to assess how conservation practices will affect our water resources under different projected climate and land use scenarios. This study aimed to evaluate the most likely impacts of current land management practices under the most severe projections of future climate and quantify the potential mitigation effects of three conservation scenarios on the water resources of the Fort Cobb Reservoir Experimental Watershed (FCREW) in western Oklahoma. The semicoupled SWAT-MODFLOW (SWATmf) model was used to simulate the hydrologic responses of the FCREW to a 50% reduction in the irrigation depths and the transition of 50% and 75% of croplands to rangelands under 32 distinct climate projections. Results showed that future climate can drive a reduction in the streamflow (−18%) and an increase to the depth of the water table (99%–120%) in the western part of the FCREW by the end of the century. The Fort Cobb Reservoir was expected to reduce its release after the mid-2060s to maintain its current target level. All the scenarios, aimed at decreasing groundwater extractions or implementing conservation measures, signaled a full recovery response in the groundwater levels 7–10 years after the year the conservation practices were implemented. The 50% reduction in the irrigation depths was found to elicit faster hydrologic systemic responses than the two that implemented conservation measures, which contravene tradition and would imply cessation of agricultural activities. This study can enable stakeholders to formulate timely adaptation and mitigating strategies to adopt to land use changes.
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1. Introduction


Water stress, the ratio of groundwater withdrawal relative to its recharge rate over a given aquifer, is a potential indicator of regional water insecurity [1]. One of the main drivers of water stress is groundwater abstraction for irrigation that can lead to aquifer depletion [2]. In fact, groundwater resources worldwide are being depleted at alarming rates because of the overwhelming groundwater exploration in the second half of the 20th century to support agriculture, industry, and domestic water demand [3]. Hydrologic studies have shown that this phenomenon has resulted in increased global groundwater depletion of approximately 25% since 1960, which corresponds to almost 39% of the global annual groundwater extractions in 2000 [4]. As a result, excessive groundwater depletion and water stress have been reported in North and South Africa, Central U.S., Northeast China, Australia, and South and Central Asia, among others. Consequently, groundwater depletion is expected to continue as agricultural activities intensify to enhance food production. This condition is further exacerbated by expected increase in water demand due to population growth and climate variability and change. In order to mitigate this issue, more sustainable management practices that can alleviate the declining conditions of groundwater resources are being implemented. The most efficient practices have been water harvesting, aiming to increase groundwater recharge while decrease groundwater extractions by implementing changes in land use and/or transition to more efficient irrigation technologies and crops [5].



Prior to implementing these practices, understanding how groundwater responds to natural and anthropogenic stressors is crucial. Specifically, understanding the interactions between surface water and groundwater and how these interactions are affected by changes in land use and climate are essential in assessing the viability of these practices. For example, changing the land use from row crops to pasture is expected to reduce irrigation usage and, hence, the withdrawal from the groundwater, leading to a recovery in groundwater levels. Climate variability and change, on the other hand, can increase the pressure on groundwater resources because of the reduction in the reliability of surface water supplies driven by increasing temperatures and projected prolonged droughts [6]. However, the impacts of increased evaporation associated with projected increased temperatures can be mitigated by storing surface water excess in groundwater banks [7]. Therefore, an efficient reallocation of water will require a conjunctive management of groundwater and surface water resources because of their vital connection [8].



As the analysis of groundwater-surface water interactions involves a larger spatial domain, the influence of climatic and anthropogenic stressors becomes more relevant. In the catchment and subcatchment scale, for example, these interactions are characterized by the physiographic and climatic configuration of many diverse landscapes [9], making their monitoring and assessment laborious and very costly. For this reason, the lack of data has been the major barrier that impedes the transition from the groundwater development (i.e., allocation of new explorations) to the implementation of a sustainable management of the current allocated groundwater resources [5]. Counteracting these facts, the diversification of monitoring systems at experimental fields, the use of upscaling techniques from small-scale studies, and the acquisition of data by remote sensing have allowed the development of various hydrologic modeling tools. Such models have led to a better understanding of the water circulation in the biosphere at the surface and subsurface domains and provide an alternative to the lack of field data at a large scale. Although this may be true, most of the specialized groundwater models are typically not connected to the surface; thus, the impacts of surface alteration are not properly propagated to the groundwater domain. Similarly, hydrologic models that are capable of representing changes brought about by agricultural activities do not have a realistic representation of the groundwater domain. Computational efforts have been made towards coupling two or more models that are able to partially exchange fluxes in both domains [10,11,12,13,14,15,16,17]. These integrated tools have been tested to be reliable models but have not widely been used to project possible future conditions of water resources under integrated climate and land use scenarios.



To propose comprehensive management practices for the sustainable use of our water resources, there is a critical need to understand the dynamics between groundwater and surface water [12]. The main objective of this study was to assess the changes in the groundwater under future climate and land management schemes. Specifically, this study was geared to (1) develop a hydrologic distributed modeling framework to simulate groundwater-surface water interactions at the watershed scale, (2) determine the effects of future climate scenarios on fluctuation and probability of occurrence of streamflow, groundwater level, and reservoir storage, and (3) quantify the potential effects of land management scenarios on the changes in the temporal patterns of these resources. The semicoupled Soil and Water Assessment Tool—Modular Finite-difference Flow (SWATmf; [15]) model was used to simulate the hydrologic responses of the Fort Cobb Reservoir Experimental Watershed (FCREW) in central western Oklahoma to different management schemes intended to mitigate surface groundwater depletion. Groundwater extraction in the FCREW is mainly used for irrigation of row crops, but the projected climate changes can further aggravate the decreasing groundwater levels. To determine the feasibility of groundwater level recovery for FCREW, we developed tools and techniques to evaluate the projected mid- and long-term states of the water resources in the watershed. Furthermore, this approach can be used by stakeholders in other areas to assess the impacts of proposed land management practices on surface-groundwater interactions under projected climates.




2. Materials and Methods


2.1. Description of Modeling Tools


2.1.1. SWATmf Implementation


The changes in water resources under future climate and land use scenarios in the FCREW (Figure 1) were assessed using the hydrologic modeling framework SWATmf [15]. This framework coupled the models SWAT rev. 664 [18] and MODFLOW-NWT v. 1.1.3 [19] allowing exchange of fluxes between the surface and the subsurface model domains.



The FCREW watershed was used as the study area based on its predominantly agricultural landscape, dependency on groundwater resources to sustain productivity, its reservoir playing a key role for eco-hydrological regulation, and the availability of a robust monitoring network and long-term data (Figure 1) [20]. In accordance with the 2011 National Land Cover Database [21], cultivated crops and grassland/herbaceous comprise approximately 60% and 29% of the FCREW area, respectively. The watershed’s main water source for irrigation is groundwater extracted from the Rush Springs Aquifer (RSA), on which the FCREW rests. The Fort Cobb Reservoir (FCR) was constructed in 1959 as a multipurpose structure, serving not only as source of public water supply for Anadarko and Chickaska, Oklahoma, but also for flood control, recreation, and to sustain aquatic biodiversity [20,22]. However, in 2012 the Fort Cobb Master Conservancy District was fully allocated, which means it would not be able to meet future additional demands [23]. Moreover, the 2012 Oklahoma Comprehensive Water Plan [24] projected a significant groundwater depletion by 2060 in the RSA. Additionally, in some areas of the nearby High Plains Aquifer (HPA), mainly devoted for irrigation, depletion in the groundwater levels, and a reduction in the saturated thickness of more than 30 m and 50%, respectively, has been observed [3]. Despite these declines, McGuire et al. [25] and McGuire [26] have reported that the introduction of agricultural conservation programs together with the improvement of irrigation efficiency during the last decades have produced a recovery of the water levels in portions of the HPA.



SWATmf is a unified modeling framework in which SWAT and MODFLOW representing the surface and groundwater domains, respectively, are independently discretized and parametrized. A detailed description of these two models’ conceptualization, evaluation, and limitations can be found in Arnold et al. [27], Gassman et al. [28], and Harbaugh [19]. In the case of SWAT, the model is typically set up using ArcSWAT, which first discretizes the watershed into sub-basins using elevation-based flow direction and accumulation maps. Then, unique combinations of geospatial data of land use, soil type, and slope are generated to describe the spatial heterogeneity of the study area. These combinations, represented as irregular fractions of sub-basin area, are commonly known as Hydrologic Response Units (HRUs). On the other hand, MODFLOW requires the groundwater domain to be discretized into stratified structured grids in accordance with the properties of the geological formation that describe the three-dimensional groundwater flow equation. These include the vertical and horizontal hydraulic conductivities, specific storage, and specific yield as well as some specific boundary and initial conditions that constrain the system.



For the surface model, SWAT, the watershed was subdivided into 12 sub-basins and then into 1000 HRUs. The RSA aquifer (groundwater domain), simulated by MODFLOW, was discretized into two layers [15] using 280 m cells. In the MODFLOW model, the following processes were represented: (1) water fluxes between the reservoir and the RSA using the reservoir package (RES) including the daily reservoir water elevation and the bathymetry, sediment thickness, and hydraulic conductivity of the reservoir bed; (2) well water extractions using the well package (WEL). Note that because of the ungauged characteristics of the well extractions in this watershed, the withdrawn water volume was estimated using the SWAT auto-irrigation model and scaled to a well influence area based on central pivot coverage. This was implemented to avoid the possible inclusion of HRUs with the same properties but were outside the well influence area; (3) water fluxes within cells using the Newton solver and layer properties (e.g., vertical and horizontal hydraulic conductivities, specific yield, etc.) specified in the Upstream Weighing Package (UPW); and (4) recharge fluxes on the top of the domain using the recharge package (RCH) based on the SWAT percolation depths to the deep aquifer at the HRU level. Thus, the modeling framework used in this research, SWATmf, obeyed a semicoupled scheme in which the deep percolation fluxes and irrigation volumes computed in SWAT were used to define the recharge and well extraction rates in MODFLOW. It is important to note that feedbacks from MODFLOW to SWAT were not considered.



Geologic data reported by Becker and Runkle [29], Penderson [30], and Guzman et al. [15] were initially used to describe the physical properties of the groundwater domain (i.e., hydraulic conductivities, specific yield, and specific storage) required to setup the MODFLOW UPW package. The soil properties, river conductance, and reservoir-bed hydraulic conductivity were estimated based on the Soil Survey Geographic Database (SSURGO; [31]). Likewise, a total of 655 extraction wells primarily used for irrigation were identified within FCREW from the OWRB Groundwater wells database [32] (Figure 1).




2.1.2. Reservoir Model


Considering the important ecosystem services (e.g., water supply, fish and wildlife propagation, recreation) that the FCR supports, this study aimed to assess the combined effects of the changes in climate and irrigation demands on the reservoir storage. Some routines were modified in SWATmf to better represent the reservoir storage and release under future scenarios based on historic records of pool elevation, current release regulations, and projected withdrawals for drinking water supply systems in the surroundings of the study area. The reservoir water balance was determined using a controlled release scheme with a target pool elevation as follows:


   S  k + 1   =  S k  + a ×  F  in  k  +  O v k  +  P k  − b ×  E v k  −  W k  −  S e k  −  F  out  k    F  out  k  + {    0 ,   if    h k  ≤ c ×  h ta       S k  −  S ta  ,   if   {     h k  > c ×  h ta       S k  −  S ta  <  F  out _ max           F  out _ max   ,   otherwise     



(1)




where    S  k + 1     and    S k    are the reservoir storage volume at time steps k+1 and k,    F  in  k    is the reservoir inflow from streams at time step k,    O v k    is the reservoir inflow from the overland flow at time step k,    P k    is the precipitation volume falling over the reservoir surface area at time step k,    E v k    is the evaporated volume from the reservoir surface area at time step k,    W k    is the water withdrawals at time step k,      S   e k    is the seepage at time step k,    F  out _ max     is the maximum allowed outflow,    F  out  k    is the outflow at time step k, and a and b are calibration parameters that incorporate abstractions of other kind of losses. Reservoir releases through the spillway were allowed when the pool elevation at the end of each simulation day (   h k   ) was greater than the defined target pool elevation but less than the maximum allowed discharge (   h  ta     and    F  out _ max    ; 409 m above mean sea level (mamsl) and 1300 cfs by the United States Army Corps of Engineers; [33]). In this case, the released volume corresponds to the difference between the storage volume at the end of the simulation day (   S k   ) and the storage volume at the target pool elevation (   S  ta    ). Otherwise, the released volume equals the maximum allowed discharge.



The elevation-area-storage curves for the FCR were constructed from the 1993 sediment survey [34]. Similarly, records and projections of population growth and future water demand of Anadarko and Chickasha were obtained for the period 2000–2060 [35] and extended until 2100 using nonlinear regression models. These were employed to compute the withdrawals from the reservoir. The aforementioned elevation–area curves combined with the precipitation records and the SWAT-generated potential evapotranspiration depths were used to determine the precipitation and evaporation volumes at each simulation day. Additionally, the contribution from streams and overland flow was assumed to be the sum of discharges coming from the Cobb, Lake, and Willow Creeks and the surface runoff produced at the sub-basins located at the FCR vicinity, respectively.





2.2. SWATmf Calibration


Calibration of the SWATmf model was conducted using a two-step process [36]: (1) calibration of the surface domain using daily streamflow data at three gauging stations and pool elevation in the Fort Cobb reservoir, and (2) calibration of the groundwater domain using three continuous piezometric heads on a daily basis. In both steps, metrics as well as the three-dimensional groundwater level representation were used to assess the infiltration fluxes at the boundary condition between the two domains. SWAT was first calibrated until acceptable model metrics were achieved. The combination of parameters that resulted in the highest metrics (e.g., Nash–Sutcliffe Efficiency coefficient, NSE; [37]) and lowest errors (e.g., percent bias, PBIAS; [38]) were used to set up SWATmf. Next, the parameters describing the groundwater flow in MODFLOW were adjusted to obtain the best possible agreement between the observed and simulated groundwater levels at the given monitoring points. Also, the spatial patterns of groundwater heads were verified to ensure that constraints, such as groundwater levels not reaching the ground surface, were simulated properly. If unrealistic conditions were detected, SWAT was recalibrated by locally adjusting the groundwater parameters (e.g., RCHRG_DP, GWQMIN) in specific HRUs. The performance of SWATmf was then reassessed in a new iteration until the model performance was validated in both domains.



The performance of the SWATmf model for the FCREW was evaluated using a ten-year period (2008 to 2017) of daily streamflow and groundwater level from the monitoring stations. Three years of this period were used to set up the initial conditions of the model. The performance of SWATmf in representing the response of FCREW was assessed using NSE and PBIAS. The observed streamflow at the Lake, Cobb, and Willow Creek gauges and groundwater levels at the Eakly, Core2, and Alfalfa monitoring wells were used to evaluate model performance. The simulated reservoir volume storage was also calibrated against daily time series provided by the USACE Tulsa District [39] and applying the same metrics.




2.3. Climate Projections


The impacts of future climate on water resources of the FCREW were evaluated using the CMIP5 dataset downscaled using the Localized Constructed Analogs (LOCA) technique [40,41]. These datasets resulted from a multimodel ensemble consisting of 32 Integrated Atmosphere-Ocean Global Climate Model (AOGCM) projections for the most aggressive representative concentration pathway (i.e., RCP8.5). The RCP8.5 depicts a scenario with the highest greenhouse gas emissions based on assumptions about a high global population growth in absence of mitigation policies [42]. The dataset covers the period 2006–2099, and it is available for the contiguous U.S. territory and portions of southern Canada and northern Mexico [41]. This dataset was selected because it aggregates daily projections of precipitation and minimum/maximum temperature at a resolution of 1/16° latitude-longitude (i.e., approx. 7 × 7 km at the equator) for a significant ensemble of models. Therefore, it is expected to be sufficient to generate climate-driven scenarios at the watershed scale for hydrologic models as SWATmf that run on a daily temporal scale.



In accordance with the climate ensemble data for the FCREW domain, the projected trend of total annual precipitation was nearly flat, describing a small decrease of just 2.1 mm per decade from 2018 until the end of the century with values ranging between 640 and 798 mm (Figure 2). On the contrary, the mean annual temperature presented an upward linear trend at a rate of 0.62 °C per decade for the projection period. This represents a rise of approximately 6.3 °C in the mean annual temperature at the end of the century in comparison with the historic mean (15.9 °C; Figure 2). Previous studies have reported similar projected trends at the watershed and state scales [43,44].




2.4. Integrated Climate and Land Use Scenarios.


Complex human–environmental interactions define the functioning of many ecosystems, where certain anthropogenic factors can result in long-term impacts that degrade the environment [45]. Ecologists and hydrologists have attempted to evaluate the effects of changes in the land management practices on water availability and circulation and ecosystem biodiversity [46]. The development and evaluation of future land use change scenarios is vital not only to understand their impacts but also to provide a strong scientific-based framework for mitigation measures and policy making.



Three land use scenarios were considered in this study (Figure 3). The first scenario was aimed at decreasing groundwater extractions by increasing the water use efficiency of irrigation, for instance, the transition from sprinkler to drip irrigation or the introduction of deficit irrigation techniques. Scenarios 2 and 3 were aimed at implementing conservation measures intended to lessen water demand, erosion, and sediment yield, among others. For this study, conservation was focused on reducing irrigation application by changing two different percentages (50% and 75%) of the agricultural crops to pasture.



The three land management scenarios were combined with the 32 climate projections to form a set of 96 scenarios. All the scenarios were applied in 2043 considering a grace period of 25 years from 2018, the year in which the climate projections began. This grace period accounted for transition protocols and activities (e.g., feasibility studies, government regulations) that may be required before implementing changes in the land use. The land management scenarios were assumed to elicit positive impacts on the groundwater resources in terms of depletion and recovery of the groundwater levels. Scenario 1 considered a 50% decrease in the irrigation depth (i.e., from 25 to 12.5 mm) of all HRUs defined as row crops (i.e., AGRR), while Scenarios 2 and 3 exemplified the transition of 50% and 75% of the agricultural lands area (irrigated) into rangelands (i.e., RNGE; no irrigation), respectively.




2.5. Interpretation of Results


The 32 climate projections were assumed to be equally likely, thus providing a representative sample of possible future patterns of climate from global circulation models. For the streamflow, seasonal cumulative density functions were constructed for three gauging locations to evaluate the relative changes in the seasonal means across scenarios over the two 25-year periods (2043–2067 and 2068–2092) that followed the transition to the new land management practices. For the groundwater levels and reservoir storage, the relative frequency distribution was computed from daily variables in the 32 climate projections for every month from 2018 to 2097 (Figure 4; steps 1–2). This means that for every month there were at least 960 values (sample size; 30 days × 32 projections) which were then distributed into 11 class intervals to construct the histogram (Figure 4; step 2). The relative probabilities in each month were then fitted and smoothened in a high-resolution grid by the Locally Estimated Scatterplot Smoothing (LOESS) method to form heat map charts (Figure 4; steps 3–4), where the values represented by colors correspond to the likelihood of occurrence of a given magnitude of events.



Since the historic baseline model was validated in a relatively short period, the analyses of results were performed using the future climate projections. The differences between scenarios were determined relative to the baseline simulated under future climate projection. To simplify the reporting, the likelihood of occurrence was further classified into three main groups: less likely (0.0 ≤ P ≤ 0.1), likely (0.1 < P ≤ 0.2), and most likely (P > 0.2). In the probability maps, the most probable pathway (highest probability in a month) can be traced for the entire simulation period. This represents the most likely pattern that the variable may take as a result of changes in climate and land management. Statistical tests were also conducted to determine if there were significant differences between the mean of the baseline and that of different scenarios as the first filter to quantify the impacts of land management practices on water resources of the FCREW.





3. Results and Discussion


3.1. Model Calibration


Overall, the performance of SWATmf in simulating the stream flow and the groundwater levels showed acceptable model performance at all the monitoring stations (Figure 1 and Figure 5). For stream flow, the Lake Creek and Willow Creek presented the same goodness-of-fit (i.e., NSE = 0.64) at daily time scale, while monthly streamflow patterns were better described at the Willow Creek with values of NSE greater than 0.92. On the other hand, the NSE ratings for the Cobb Creek showed daily streamflow NSE = 0.54 and monthly NSE = 0.68. The PBIAS on daily time step was less than 5% at the three monitoring gauges. This indicated an acceptable averaged representation of the water balance by the model during the calibration period (Figure 5a). However, note that the model showed a systematic deficit in the Willow Creek streamflow estimations at the beginning of the simulation and a systematic surplus at the end of the calibration period. A reasonable explanation to this model behavior was the misrepresentation of baseflow patterns that led to an underestimation of peak flows greater than 1.7 m3/s.



For the groundwater domain, daily NSE values were equal to 0.50, 0.63, and 0.69 for the Eakly, Core2, and Alfalfa monitoring wells, respectively, while the PBIAS ranged between −0.1% and 0.2%. Overall, the model was able to simulate the general trends in groundwater levels especially the recovery in 2015 after the shift in the climatic regime from dry to wet period. However, short-term fluctuations (interannual) were not properly represented by the model. This was explained as the smoothing effect of recharge patterns occurring across the watershed that resulted from the spatial discretization of clustered, spatially disconnected HRUs derived from ArcSWAT [36]. HRUs are created based on unique combinations of soil, land use, and topography that can result in spatially disconnected areas clustered to a single SWAT process representation. Consequently, in a cluster of HRUs one or more of these unique combinations may represent contiguous or discontiguous locations within the same sub-basin with dissimilar hydrological responses treated as equal by the SWAT model.



The calibration of the reservoir storage showed a good agreement between the measured and simulated volume (NSE = 0.84; PBIAS = −0.27%) except for the underestimation of a peak in May 2014. This disagreement between the observed and simulated reservoir volume was most likely the result of a local precipitation event that went undetected by the Micronet or Mesonet network as a result of its coarse resolution.




3.2. Evaluation of Scenarios


Historic records of streamflow and groundwater levels followed the bimodal regime of the precipitation with the highest values observed in May–June and September–October. For these periods, the mean monthly streamflow ranged from 0 to 3.0, 0 to 1.1, and 0 to 0.9 m3 s−1 at the Cobb, Lake, and Willow Creek monitoring gauges, respectively. In 2015, the FCREW experienced a significant shift in its climate regime moving from a dry period lasting approximately six years (2009–2014) to a wet period that started with an extreme rainfall event at the second trimester of 2015. Reservoir levels and groundwater elevations were significantly affected during the dry period, presenting a drop of nearly 29% in the reservoir conservation pool and 14%, 33%, and 41% in the water table depth at the Eakly, Core2, and Alfalfa monitoring wells, respectively. However, a recovery of 42%–70% in the groundwater levels was observed in the following three years after the shift (2015–2017).



The three land use scenarios were expected to result in the recovery of groundwater levels in the FCREW as a result of the reductions in well extractions. These scenarios were also expected to reduce the contribution of irrigation to runoff, potentially generating a decrease in the streamflow and reservoir storage. The most significant changes in the streamflow means are shown in Table 1 and Table 2 and Figure 6, and the most likely events for reservoir storage and groundwater levels are shown in Figure 7 and Figure 8. For the latter, the darker colored areas correspond to the most likely events to occur in the next decades. The dotted lines depict the primary or clearly defined continuous pathways (likely to most likely events) and the secondary or likely to less likely alternative pathways.



3.2.1. Impacts on Streamflow


Baseline


The statistical tests performed on the means of seasonal streamflow under current land use and varying climate (baseline; Sc0) showed different hydrologic responses in the eastern, central, and western parts of the FCREW. The analysis of mean annual streamflow under projected climate at Willow Creek (eastern part), near the reservoir (Figure 1), indicated an upward trend with a maximum increase of 44% to 52% from the 2018–2042 mean in the following two 25-year periods, respectively (Table 1). These changes in the mean were observed across all seasons but were on average seven percent greater in winter. In Cobb Creek (western part), streamflow did not change significantly for the 2043–2067 period but were expected in the winter and summer of the 2067–2092 period. Lake Creek manifested the least change compared to the other two sub-watersheds (Table 1).



Overall, if the land management remained the same, climate will negatively impact the streamflow in the eastern part of the FCREW, where the surface domain of the hydrologic system seemed to be more sensitive to the increasing temperature trends predominant at the last three decades of the century (+0.75 °C decade–1). Despite the fact that there were significant changes in the mean streamflow at the Willow Creek (eastern part), its area just represents 9% of the FCREW, while the Cobb Creek in the west corresponds to almost 43%. It is also important to note that the key component in this observed increment in the mean streamflow in Willow Creek was the irrigation, which was triggered more often to overcome the increasing evapotranspiration demand. Projected climate exacerbated the existent dry conditions of the FCREW in the west in response to long-term warming trends rather than decreasing precipitation patterns, which according to the CMIP5 RCP8.5 projections were not expected. Similar findings regarding projected climate have been discussed in other studies at the local and state scales [43,44].




Interscenario Analysis


The statistical test between the baseline and the three land management scenarios after their implementation in 2043 suggested that there were significant differences in the seasonal means of the baseline and those of the different scenarios. The differences were further explored by comparing the changes in the cumulative density function between the baseline and the scenarios focusing in the low, middle, and high streamflow values defined by the 25th and 75th percentiles.



Between the baseline and Scenario 1 (–50% irri. depth), the mean annual streamflow increased up to 18%, 9%, and 23% at the Cobb, Lake, and Willow Creek sub-watersheds, respectively (Table 2). This outcome contradicted the initial hypothesis on the streamflow reduction due to a potential decrease in the contribution of irrigation to runoff. The 50% reduction in the irrigation depth considered in Scenario 1, rather than reducing the amount of extracted water for irrigation in a fixed period, reduced the number of days between applications. This means that the SWAT auto-irrigation schemed applied less water but was triggered more often to sustain plant growth. This led to a major extraction of water from the aquifer system in the long-term and a more frequent rewetting of the soil profile, increasing the contribution to the runoff and baseflow [47].



The observed changes signaled by the system in response to Scenario 1 were more significant in the 2068–2092 period. On average, streamflow means were 4%, 1%, and 12% higher in 2068–2092 than in the 25-year period right after the scenarios’ implementation at Cobb, Lake and Willow Creek, respectively (Table 2). The increments at Willow Creek were homogeneously significant over seasons (10%–24%), while at Cobb Creek the changes were more noticeable in winter (18%–25%). Cobb Creek, being the area with the lowest pumping allocation, is prone to be more sensitive to increments in the streamflow patterns, specifically during winter, which is the driest season. Lake Creek presented significant differences only in winter of approximately 7%–9%, which was enough to set significant disparities in the annual basis (Table 2).



Seasonal cumulative density functions of streamflow for the 2043–2067 and 2068–2092 periods under the different scenarios are shown in Figure 6. Lake Creek’s response was similar to Cobb Creek and was not shown in Figure 6. It can be seen that Scenario 1 affected streamflow values predominantly above the 25th percentile except for the 2068–2092 period at the Willow Creek sub-watershed and winter 2043–2067 at the Cobb Creek, where streamflow distribution was shifted to the right by approximately the same amount. Based on the results, a higher irrigation frequency can increase the probability of occurrence of higher-magnitude streamflow.



Scenarios 2 and 3, representing the transition of 50% and 75% of agricultural irrigated lands into non-irrigated rangelands, respectively, generated a negative impact on the streamflow. Both scenarios signaled a reduction in the mean streamflow over the entire hydrologic year. However, this reduction, understood as a relative change from the baseline means, were statistically significant for all the seasonal values −12% to −3% at Willow Creek and only for Scenario 3 in winter and spring at the Cobb Creek (−10% to −8%) (Table 2). The cumulative density functions (Figure 6) confirmed that streamflow means did not differ significantly from the baseline in the Lake Creek and that its distribution was not expected to be affected as well. For the Willow Creek, on the other hand, the decreasing patterns on streamflow were slightly more significant for all values above the 25th percentile. A similar behavior can be observed for Cobb Creek over 2068–2092 (Figure 6).



Generally, results suggested that streamflow will be affected by changes in the irrigation practices. The 50% reduction in the irrigation depth (Scenario 1) will induce a higher application frequency and, hence, favor the contribution of runoff and baseflow to streams, which signaled positive relative differences from the baseline up to 24% at the Cobb and Willow Creek sub-watersheds. This increment was observed to be more significant in streamflow values greater than the 25th percentile of the baseline distribution. Therefore, higher-magnitude events can become more frequent at the FCREW requiring a major reservoir release during the flooding season. The reduction in the irrigated area under Scenarios 2 and 3 indicated a decrease in streamflow of up to 12% across the watershed. Although, it may not directly affect agricultural production, as it predominantly relies on the groundwater resources, reduction in streamflow can affect the Fort Cobb reservoir operations. In fact, Garbrecht and Schneider [48] reported that the difference in the reservoir inflow during dry and wet periods in FCREW has been recorded to be of up by 100%.





3.2.2. Impacts on Groundwater Levels


Baseline


The likelihood for change in the groundwater levels followed similar patterns to those observed for the streamflow under the integrated climate and land use scenarios. Generally, the most likely path of GW levels in Core2, located in the east of FCREW, under all the scenarios evaluated in this study did not show significant differences from the baseline. It described an upward trend right after 2028 with a high probability (P > 0.47), setting the water levels close to saturation at the upper boundary of the GW domain in 2039, where it stayed until the end of the century. The recovery response in Core2 followed the increase in the mean annual streamflow (up to 52%) observed at the Willow Creek sub-watershed, confirming the relevant role of the surface water-groundwater interactions in the budget of the RSA [49,50].



The baseline for the Eakly monitoring well in the west, similar to the Cobb Creek streamflow, also located in the west, described a marked decreasing trend (most likely; 0.2 < P < 0.53) projecting a depletion in the groundwater levels equivalent to an increase in the water table depth of 99%–120% for the 2018–2097 period (Figure 7a; Sc0). This depletion was more pronounced during the first three decades of the projection, with the GW level changing up to –64% in 2048 compared to that in 2018 (–2.07 m decade–1), while for the remaining five decades the most likely path showed a depletion of just 21%–34% (–0.68 m decade–1). This behavior was expected at this location because of the additional pressure in the aquifer system to cover the higher evapotranspiration demand driven by the projected increasing temperatures (+6.3°C at the end of the century). Moreover, the western part, where this well is located, was the driest, with some years recording 10%–22% less of precipitation than the central and eastern counterparts. Although the 99%–120% (7–10 m) projected increase in the water table depth may have seemed low compared to the mean aquifer thickness (84 m), it actually represented the combined effect of almost three of the hypothetical sustained ten-year droughts estimated by Ellis [51] for FCREW. Similar depletion patterns have been observed in the High Plains Aquifer and are directly associated with an overtopping of the aquifer storage beyond the rate of available recharge [52].



The most likely patterns of groundwater levels under the baseline in the Alfalfa monitoring well were more stable, fluctuating between –7% and 41% from the 2018 level through 2098 but with an upward trend (+3.8 m decade–1) during the 2026–2036 period and a depleting pattern from 2046 to 2065 (–1.7 m decade–1; Figure 7b; Sc0). The closeness of the Fort Cobb Reservoir, whose target elevation pool was set at 409 mamsl, to Alfalfa might have influenced the stability of the observed level. Additionally, notice that this monitoring well was located at the central part of the watershed as the Lake Creek gauging station, which did not signal significant changes in its mean under the climate projections.




Interscenario Analysis


For Scenario 1, the 50% reduction in the irrigation depth produced a recovery in the groundwater levels at the Eakly and Alfalfa monitoring wells approximately 5–7 years after the scenarios were applied (2043) and with probabilities ranging from 0.15 to 0.56 (likely to most likely). This recovery represented an increase in the water table of 100% in the following 27 and 6 years, respectively (Figure 7a,b; Sc1). This outcome might appear contradictory because, despite that the irrigation depth was reduced by 50%, more water was extracted in the long-term as the irrigation frequency increased to cover additional evapotranspiration demands driven by the increasing temperatures. However, the reduction in the irrigation depth lessened the extraction rates, putting them in equilibrium with the water releasing capacity of the RSA and hence relieving the excessive pressure over the system observed in the baseline. Moreover, the water movement in the soil profile became more dynamic, favoring the recharge into the aquifer (water recycling) [7,47,53]. The quick response observed at the Alfalfa monitoring well (17.3 vs 5 m decade–1 in Eakly) is explained by the denser extraction network in the area, which in case of a generalized reduction in the irrigation depth translated into a fast pressure release in the aquifer system. The GW levels at Eakly also depicted a secondary path (less likely to likely; 0 < P < 0.18) after 2052, projecting an increasing depletion until the end of the century, which did not significantly differ from the observed in the baseline’s most likely path. Note that the ensemble describing the recovery pathway as most likely indicated that this kind of measure paved the way to a possible mitigation of the effects of climatic and anthropogenic stressors on the groundwater resources.



As for Scenarios 2 and 3 (50% and 75% AGRR to RGNE), their most likely paths (0.15 < P < 0.44) showed a recovery in the groundwater levels right after 2058, 15 years after the scenarios where implemented. These results were more significant for Scenario 3 where 75% of the agricultural lands were turned into rangelands, which translated to reduction in irrigated area by 75%. This scenario led groundwater levels close to surface ground level at the Eakly and Alfalfa monitoring wells in the course of 40 and 24 years (3.4 and 2.2 m decade–1), respectively (Figure 7a,b; Sc3). Scenario 2, being a reduction in the irrigated area of 50%, showed a recovery in the groundwater levels (depth to water table) of just 22% at Eakly, while at Alfalfa a similar recovery as in Scenario 3 was observed. Notice that in the western part of the watershed, to achieve the same recovery pattern in groundwater levels observed by reducing the 50% of the irrigation depth (Scenario 1), 75% of the cropland needed to be turned into range lands (Scenario 3). The groundwater levels at Alfalfa also described a secondary path as the one observed under the baseline (decreasing trend after 2066) but with a probability of less than 0.15.



Overall, the scenarios considered in this study showed a probable recovery of the depleting groundwater levels in FCREW, especially in the western part. The most likely paths of all the scenarios considered in this study were able to depict an increase in the water table of 100%. However, despite the positive impacts of Scenarios 2 and 3, its implementation may be less effective than Scenario 1, which signaled recovery responses 1–3 decades earlier. Moreover, a land use change of 50%–75% of the watershed area may be less feasible than promoting irrigation application efficiency because of its economic consequences. In fact, the Water for 2060 initiative prioritized education and incentive programs for water-efficient crop irrigation equipment conversion and practices in order to limit the Oklahoma water use by 2060 to that recorded in 2012 [54].





3.2.3. Impacts on Reservoir Storage


Baseline


The baseline scenario indicated that the 409 m level defined as the target pool elevation by USACE can be maintained with a high probability (0.26 < P < 0.51) through 2062 (Figure 8; Sc0), with maximum and minimum values for the most probable events within the same range observed for the 2011–2017 period (62.5–105 MM m3). After 2062, the uncertainty was significantly higher, as shown by the widening band, where two possible trajectories (0.1 < P < 0.28) manifested. The first path (more likely) described an abrupt drop of 98% in the pool storage over the course of 15 y, setting it close to the dead pool stage (1.55 MM m3), while the second path (slightly less likely) maintained the level around the target storage (91.1 MM m3) until 2090 but then abruptly dropped towards extremely low levels (Figure 8; Sc0). This mainly was due to the decrease in the mean annual streamflow at Cobb Creek (main tributary of the FCR) after 2068 as response to the projected increasing temperatures, which also led to higher evaporation rates. The results for the streamflow, reservoir storage, and groundwater levels showed how significantly dry conditions in the eastern part of the FCREW are expected to be exacerbated in the last 3 decades of the projection period.




Interscenario Analysis


Scenario 1, driven by changes in the irrigation depth, presented a similar behavior to the baseline (two likely paths after 2062) but favoring the stationarity of the storage within the historic records (62.5–105 MM m3) after 2062 (Figure 8; Sc1). As expected, the statistical tests confirmed that the difference between the means for the most likely paths with respect to the baseline for the 2043–2097 period was significant for Scenario 1, depicting an increase of 57%. The last two scenarios, driven by a reduction in the irrigated area resulting from the conversion of croplands into non-irrigated grasslands, also exhibited a most likely decreasing path in the storage after 2062 (0.1< P < 0.47) (Figure 8; Sc2–3). This reduction in the irrigated area favored a recovery in the groundwater levels but affected the water balance in the surface, lessening the water recycling effect produced by irrigation.



Overall, the FCR was expected to reduce its release after the mid-2060s to compensate for the decline in its inflow coming mainly from the Cobb Creek sub-watershed and for the losses from increasing evaporation and water demand from Anadarko and Chickaska.







4. Conclusions


We developed a semicoupled SWAT-MODFLOW model (SWATmf) to assess the future patterns of streamflow, groundwater levels, and reservoir storage from three management practices under the most aggressive climatic scenario (RCP8.5) at the FCREW. Results showed that all the scenarios, aimed at decreasing groundwater extractions or implementing conservation measures, were expected to generate minor impacts on the streamflow. However, the projected climate change drove significantly negative impacts in the streamflow at the western part of the watershed (up to –18% in winter). Thus, the Fort Cobb Reservoir was expected to reduce its release after the mid-2060s to maintain its current target level and compensate for the losses from increasing evaporation and water demand from Anadarko and Chickaska. This could affect all the activities downstream of the dam that rely on the reservoir release.



The groundwater levels were expected to decrease in the western part of FCREW resulting in a probable decrease in the water table by 99%–120% at the end of the century if the current land use were maintained. The mitigating scenarios, determined by changes in the irrigation depth (Scenario 1) and the total irrigated area (Scenarios 1 and 2) signaled a recovery response 7–10 years after changes were applied. The scenarios focusing on reducing groundwater extractions were found to elicit faster hydrologic systemic responds than the two that implemented conservation measures. Furthermore, the introduction of new technologies does not contravene the tradition and current economic activities of the local communities. The reduction of the irrigated area, although efficient, would imply cessation of agricultural activities and conversion of the landscape to a different land use.



The probabilistic approach employed in this study proved to be reliable in identifying future most likely patterns of water resources at the watershed scale from model outcomes due to a diverse set of climate projections. Particularly, this methodology improved the assessment of the environmental risk by providing most likely pathways rather than limiting the analysis to the averaged climate trend as is usually done. It is, however, important to note that, despite the fact the modeling framework used in this study described the spatiotemporal fluctuations of streamflow and groundwater levels well, the model underestimated the baseflow contribution to streamflow. This may be due to the lack of feedback from the MODFLOW domain to the SWAT shallow aquifer. Although the results of this study may be considered for land management planning in the FCREW, the baseline model was validated in a relatively short period (10 years) subjected to the available environmental data.



The framework that we developed in this study facilitated the evaluation of the possible impacts of different land use management under different climate projections and allowed us to estimate the most probable state of our water resources several decades after the implementation of changes. This will enable stakeholders to formulate timely adaptation and mitigating strategies to adopt to natural and anthropogenic changes.







Author Contributions


All authors have read and agreed to the published version of the manuscript. Conceptualization, J.S.A.T., M.L.C., and J.A.G.; methodology, J.S.A.T., M.L.C., and J.A.G.; software, J.S.A.T. and J.A.G.; validation, J.S.A.T., M.L.C., and J.A.G.; formal analysis, J.S.A.T., M.L.C., and J.A.G.; investigation, J.S.A.T.; data curation, J.S.A.T.; writing—original draft preparation, J.S.A.T., M.L.C., and J.A.G.; writing—review and editing, D.N.M. and J.L.S.; visualization, J.S.A.T.; supervision, M.L.C. and J.A.G.; project administration, M.L.C.; funding acquisition, M.L.C.




Funding


This research was funded by the US Department of Agriculture (USDA)—National Institute of Food and Agriculture (NIFA), Project ILLU–741–380 and ILLU–741–612.




Conflicts of Interest


The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Richey, A.S.; Thomas, B.F.; Lo, M.H.; Reager, J.T.; Famiglietti, J.S.; Voss, K.; Swenson, S.; Rodell, M. Quantifying renewable groundwater stress with GRACE. Water Resour. Res. 2015, 51, 5217–5237. [Google Scholar] [CrossRef] [PubMed]

	



Dalin, C.; Wada, Y.; Kastner, T.; Puma, M.J. Groundwater depletion embedded in international food trade. Nature 2017, 543, 700–704. [Google Scholar] [CrossRef] [PubMed]

	



Bartolino, J.R.; Cunningham, W.L. Ground–Water Depletion Across the Nation; US Geological Survey: Reston, VA, USA, 2003.

	



Wada, Y.; Van Beek, L.P.H.; Van Kempen, C.M.; Reckman, J.W.T.M.; Vasak, S.; Bierkens, M.F.P. Global depletion of groundwater resources. Geophys. Res. Lett. 2010, 37. [Google Scholar] [CrossRef]

	



Shah, T.; Molden, D.; Sakthivadivel, R.; Seckler, D. The Global Groundwater Situation: Overview of Opportunities and Challenges. Econ. Politic. Wkly. 2001, 36, 4142–4150. [Google Scholar]

	



Nelson, R.L. Assessing local planning to control groundwater depletion: California as a microcosm of global issues. Water Resour. Res. 2012, 48, 1–14. [Google Scholar] [CrossRef]

	



Scanlon, B.R.; Faunt, C.C.; Longuevergne, L.; Reedy, R.C.; Alley, W.M.; McGuire, V.L.; McMahon, P.B. Groundwater depletion and sustainability of irrigation in the US High Plains and Central Valley. Proc. Natl. Acad. Sci. USA 2012, 109, 9320–9325. [Google Scholar] [CrossRef] [PubMed]

	



Konikow, L.F.; Kendy, E. Groundwater depletion: A global problem. Hydrogeol. J. 2005, 13, 317–320. [Google Scholar] [CrossRef]

	



Winter, T.C.; Harvey, J.W.; Franke, O.L.; Alley, W.M. Ground Water and Surface Water a Single Resource; USGS Publications: Reston, VA, USA, 1998; pp. 1–79. [Google Scholar]

	



Sophocleous, M.; Perkins, S.P. Methodology and application of combined watershed and ground–water models in Kansas. J. Hydrol. 2000, 236, 185–201. [Google Scholar] [CrossRef]

	



Luo, Y.; Sophocleous, M. Two–way coupling of unsaturated–saturated flow by integrating the SWAT and MODFLOW models with application in an irrigation district in arid region of west China. J. Arid Land 2011, 3, 164–173. [Google Scholar] [CrossRef]

	



Kim, N.W.; Chung, I.M.; Won, Y.S.; Arnold, J.G. Development and application of the integrated SWAT-MODFLOW model. J. Hydrol. 2008, 356, 1–16. [Google Scholar] [CrossRef]

	



Bailey, R.T.; Wible, T.C.; Arabi, M.; Records, R.M.; Ditty, J. Assessing regional-scale spatio-temporal patterns of groundwater-surface water interactions using a coupled SWAT-MODFLOW model. Hydrol. Process. 2016, 30, 4420–4433. [Google Scholar] [CrossRef]

	



Markstrom, S.L.; Niswonger, R.G.; Regan, R.S.; Prudic, D.E.; Barlow, P.M. GSFLOW—Coupled Ground–Water and Surface-Water Flow Model Based on the Integration of the Precipitation-Runoff Modeling System (PRMS) and the Modular Ground-Water Flow Model (MODFLOW-2005); US Geological Survey: Reston, VA, USA, 2008.

	



Guzman, J.A.; Moriasi, D.N.; Gowda, P.H.; Steiner, J.L.; Starks, P.J.; Arnold, J.G.; Srinivasan, R. A model integration framework for linking SWAT and MODFLOW. Environ. Model. Softw. 2015, 73, 103–116. [Google Scholar] [CrossRef]

	



Kollet, S.J.; Maxwell, R.M. Integrated surface-groundwater flow modeling: A free-surface overland flow boundary condition in a parallel groundwater flow model. Adv. Water Resour. 2006, 29, 945–958. [Google Scholar] [CrossRef]

	



Maxwell, R.M.; Miller, N.L. On the development of a coupled land surface and groundwater model. Dev. Water Sci. 2004, 55, 1503–1510. [Google Scholar]

	



Neitsch, S.L.; Arnold, J.G.; Kiniry, J.R.; Williams, J.R. Soil and Water Assessment Tool Theoretical Documentation; Texas Water Resources Institute: College Station, TX, USA, 2011. [Google Scholar]

	



Harbaugh, A.W. MODFLOW-2005, the U.S. Geological Survey Modular Ground-Water Model—The Ground-Water Flow Process. In U.S. Geological Survey Techniques and Methods 6; US Geological Survey: Reston, VA, USA, 2005; p. 253. [Google Scholar]

	



Moriasi, D.N.; Starks, P.J.; Guzman, J.A.; Garbrecht, J.D.; Steiner, J.L.; Stoner, J.C.; Allen, P.B.; Naney, J.W. Upper Washita River Experimental Watersheds: Reservoir, Groundwater, and Stream Flow Data. J. Environ. Qual. 2014, 43, 1262–1272. [Google Scholar] [CrossRef] [PubMed]

	



Homer, C.; Dewitz, J.; Yang, L.; Jim, S.; Danielson, P.; Xian, G.; Coulston, J.; Herold, N.; Wickham, J.; Megown, K. Completion of the 2011 National Land Cover Database for the Conterminous United States—Representing a Decade of Land Cover Change Information. Photogramm. Eng. Remote Sens. 2015, 81, 345–354. [Google Scholar]

	



Oklahoma Conservation Commission. Fort Cobb Watershed Implementation Project; Oklahoma Conservation Commission: Oklahoma, OK, USA, 2009. [Google Scholar]

	



Oklahoma Water Resources Board. West Central Watershed Planning Region Report; Oklahoma Water Resources Board: Oklahoma, OK, USA, 2012. [Google Scholar]

	



Oklahoma Water Resources Board. Hydrologic Investigation Report of the Rush Springs Aquifer in West–Central Oklahoma, 2015; Oklahoma Water Resources Board: Oklahoma, OK, USA, 2018. [Google Scholar]

	



McGuire, V.L.; Johnson, M.R.; Schieffer, R.L.; Stanton, J.S.; Sebree, S.K.; Verstraeten, I.M. Water in Storage and Approaches to Ground Water Management, High Plains Aquifer, 2000; United States Geological Survey: Reston, VA, USA, 2003.

	



McGuire, V.L. Water-Level and Recoverable Water in Storage Changes, High Plains Aquifer, Predevelopment to 2015 and 2013-15; United States Geological Survey: Reston, VA, USA, 2017.

	



Arnold, J.G.; Srinivasan, R.; Muttiah, R.S.; Williams, J.R. Large area hydrologic modeling and assessment part I: Model development. J. Am. Water Resour. Assoc. 1998, 34, 73–89. [Google Scholar] [CrossRef]

	



Gassman, P.W.; Reyes, M.R.; Green, C.H.; Arnold, J.G. The Soil and Water Assessment Tool: Historical Development, Applications, and Future Research Directions. Trans. ASABE 2007, 50, 1211–1250. [Google Scholar] [CrossRef]

	



Becker, M.F.; Runkle, D.L. Hydrogeology, Water Quality, and Geochemistry of the Rush Springs Aquifer, Western Oklahoma; United States Geological Survey: Oklahoma, OK, USA, 1998.

	



Penderson, L.R. Steady-State Simulation of Ground–Water Flow in the Rush Spring Aquifer, Cobb Creek Basin, Caddo County, Oklahoma. Ph.D. Thesis, Oklahoma State University, Stillwater, OK, USA, 1999. [Google Scholar]

	



Soil Survey Staff; Natural Resources Conservation Service; United States Department of Agriculture. Soil Survey Geographic (SSURGO) Database for Oklahoma; United States Department of Agriculture: Washington, DC, USA, 1995.

	



Oklahoma Water Resources Board. Reported Groundwater Well Locations of Oklahoma. Available online: http://www.owrb.ok.gov/maps/PMG/owrbdata_GW.html (accessed on 17 May 2017).

	



U.S. Government. Flood Control Regulations; Office of the Federal Register, National Archives and Records Administration: College Park, MD, USA, 2013.

	



Ferrari, R.L. Fort Cobb Reservoir 1993 Sedimentary Survey; United States Bureau of Reclamation: Denver, CO, USA, 1994. [Google Scholar]

	



Bureau of Reclamation. Technical Evaluation Report Fort Cobb Reservoir Supply/Demand Study; Bureau of Reclamation: Austin, TX, USA, 2012. [Google Scholar]

	



Acero Triana, J.S.; Chu, M.L.; Guzman, J.A.; Moriasi, D.N.; Steiner, J.L. Beyond model metrics: The perils of calibrating hydrologic models. J. Hydrol. 2019, 578, 124032. [Google Scholar] [CrossRef]

	



Nash, J.E.; Sutcliffe, J.V. River flow forecasting through conceptual models part I—A discussion of principles. J. Hydrol. 1970, 10, 282–290. [Google Scholar] [CrossRef]

	



Gupta, H.V.; Sorooshian, S.; Yapo, P.O. Status of automatic calibration for hydrologic models: Comparisson with multilevel expert calibration. J. Hydrol. Eng. 1999, 4, 135–143. [Google Scholar] [CrossRef]

	



United States Army Corps of Engineers. Monthly Charts for Fort Cobb Lake. Available online: http://www.swt–wc.usace.army.mil/FCOBcharts.html (accessed on 7 March 2018).

	



Pierce, D.W.; Cayan, D.R.; Thrasher, B.L. Statistical Downscaling Using Localized Constructed Analogs (LOCA). J. Hydrometeorol. 2014, 15, 2558–2585. [Google Scholar] [CrossRef]

	



Bureau of Reclamation; California Energy Commission; Climate Analytics Group; Climate Central; Lawrence Livermore National Laboratory; NASA Ames Research Center; Santa Clara University; Scripps Institute of Oceanography; U.S. Army Corps of Engineers; U.S. Geological Survey; et al. Downscaled CMIP3 and CMIP5 Climate Projections—Addendum—Release of Downscaled CMIP5 Climate Projections (LOCA) and Comparison with Preceding Information; US Department of the Interior, Bureau of Reclamation, Technical Service Center: Denver, CO, USA, 2016; pp. 1–29.

	



Riahi, K.; Rao, S.; Krey, V.; Cho, C.; Chirkov, V.; Fischer, G.; Kindermann, G.; Nakicenovic, N.; Rafaj, P. RCP 8.5–A scenario of comparatively high greenhouse gas emissions. Clim. Chang. 2011, 109, 33–57. [Google Scholar] [CrossRef]

	



Frankson, R.; Kunkel, K.; Stevens, L.; Champion, S.; Stewart, B. Oklahoma State Climate Summary. NOAA Technical Report NESDIS 149–OK; National Oceanic and Atmospheric Administration: Silver Spring, MD, USA, 2017. [Google Scholar]

	



Garbrecht, J.D.; Zhang, X.C.; Steiner, J.L. Climate change and observed climate trends in the Fort Cobb experimental watershed. J. Environ. Qual. 2014, 43, 1319–1327. [Google Scholar] [CrossRef] [PubMed]

	



Rounsevell, M.D.A.; Reginster, I.; Araújo, M.B.; Carter, T.R.; Dendoncker, N.; Ewert, F.; House, J.I.; Kankaanpää, S.; Leemans, R.; Metzger, M.J.; et al. A coherent set of future land use change scenarios for Europe. Agric. Ecosyst. Environ. 2006, 114, 57–68. [Google Scholar] [CrossRef]

	



Lin, Y.P.; Hong, N.M.; Wu, P.J.; Wu, C.F.; Verburg, P.H. Impacts of land use change scenarios on hydrology and land use patterns in the Wu–Tu watershed in Northern Taiwan. Landsc. Urban Plan. 2007, 80, 111–126. [Google Scholar] [CrossRef]

	



Gutiérrez-Jurado, K.Y.; Fernald, A.G.; Guldan, S.J.; Ochoa, C.G. Surface water and groundwater interactions in traditionally irrigated fields in Northern New Mexico, U.S.A. Water 2017, 9, 102. [Google Scholar] [CrossRef]

	



Garbrecht, J.D.; Schneider, J.M. Case study of multiyear precipitation variations and the hydrology of Fort Cobb reservoir. J. Hydrol. Eng. 2008, 13, 64–70. [Google Scholar] [CrossRef]

	



Ketchum, Q.J. Development of Digital Models and Simulation of Groundwater Flow of the Rush Springs Aquifer in West Central Oklahoma. Ph.D. Thesis, Oklahoma State University, Stillwater, OK, USA, 2015. [Google Scholar]

	



Mashburn, S.L.; Smith, S.J. Evaluation of Groundwater and Surface–Water Interactions in the Caddo Nation Tribal Jurisdictional Area, Caddo County; US Geological Survey: Reston, VA, USA, 2014.

	



Ellis, J.H. Simulation of Groundwater Flow and Analysis of Projected Water Use for the Rush Springs Aquifer, Western Oklahoma; US Geological Survey: Reston, VA, USA, 2018.

	



Steward, D.R.; Allen, A.J. Peak groundwater depletion in the High Plains Aquifer, projections from 1930 to 2110. Agric. Water Manag. 2016, 170, 36–48. [Google Scholar] [CrossRef]

	



Willis, T.M.; Black, A.S.; Meyer, W.S. Estimates of deep percolation beneath cotton in the Macquarie Valley. Irrig. Sci. 1997, 17, 141–150. [Google Scholar] [CrossRef]

	



Oklahoma Water Resources Board. Water for 2060; Oklahoma Water Resources Board: Oklahoma, OK, USA, 2015. [Google Scholar]








[image: Water 12 00400 g001 550] 





Figure 1. Location and general features of the Fort Cobb Reservoir Experimental Watershed (FCREW) and monitoring network considered in this research. 
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Figure 2. Annual time series of total precipitation and mean temperature and uncertainty band depicted by the climate ensemble for the FCREW. 
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Figure 3. Land cover distribution for the proposed land use scenarios. 
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Figure 4. Processing steps for the groundwater levels and reservoir storage data. 
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Figure 5. Calibration results (2011–2017). (a) Observed vs simulated (orange solid line) cumulated streamflow at Lake, Cobb, and Willow Creek monitoring gauges; (b) daily observed (blue dots) and simulated (orange line) groundwater levels at Eakly, Core2, and Alfalfa monitoring wells; (c) daily observed (blue solid line) and simulated (orange solid line) reservoir volume storage. 
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Figure 6. Cumulative density functions of mean seasonal streamflow at the Cobb and Willow Creek sub-watersheds for the 2043–2067 and 2068–2092 periods under the different scenarios. 
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Figure 7. Groundwater levels (m) at the (a) Eakly and (b) Alfalfa monitoring wells for the baseline (Sc0) and three integrated climate and land use scenarios (Sc1–Sc3). Primary paths (white dotted lines) represent clearly defined continuous pathways that incorporate likely to most likely events, while secondary paths (black dotted lines) describe likely to less likely alternative pathways. 
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Figure 8. Reservoir storage (m3 × 106) for the baseline (Sc0) and three integrated climate and land use scenarios (Sc1–Sc3). Primary paths (white dotted lines) represent clearly defined continuous pathways that incorporate likely to most likely events, while secondary paths (black dotted lines) describe likely to less likely alternative pathways. 
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Table 1. Changes in mean seasonal streamflow at the Cobb, Lake, and Willow Creek before (2018–2042) and after (2043–2067 and 2067–2092) the implementation of land management scenarios under projected climate. Significant changes are shown in parenthesis.
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	Season
	Period
	Cobb Creek
	Lake Creek
	Willow Creek





	Annual
	2043–2067
	4%
	4%
	(44%)



	
	2068–2092
	(−10%)
	0%
	(52%)



	Winter
	2043–2067
	4%
	(6%)
	(50%)



	
	2068–2092
	(−18%)
	1%
	(59%)



	Spring
	2043–2067
	−1%
	−4%
	(38%)



	
	2068–2092
	−7%
	−3%
	(46%)



	Summer
	2043–2067
	1%
	4%
	(45%)



	
	2068–2092
	(−12%)
	−6%
	(52%)



	Fall
	2043–2067
	10%
	11%
	(45%)



	
	2068–2092
	−3%
	9%
	(54%)
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Table 2. Changes in mean seasonal streamflow at the Cobb, Lake, and Willow Creek in the 2043–2067 and 2068–2092 periods for the different scenarios compared to the baseline. Significant changes in parenthesis.
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Creek

	
Annual

	
Winter

	
Spring

	
Summer

	
Fall






	
Scenario

	
2043–2067

	
2068–2092

	
2043–2067

	
2068–2092

	
2043–2067

	
2068–2092

	
2043–2067

	
2068–2092

	
2043–2067

	
2068–2092




	
Cobb

	
Sc1

	
(15%)

	
(18%)

	
(18%)

	
(25%)

	
(12%)

	
(15%)

	
(15%)

	
(17%)

	
(15%)

	
(17%)




	
Sc2

	
–5%

	
–6%

	
–5%

	
–7%

	
–5%

	
–7%

	
–4%

	
–5%

	
–5%

	
–5%




	
Sc3

	
(–7%)

	
(–9%)

	
(–8%)

	
(–10%)

	
(–8%)

	
(–10%)

	
–6%

	
–7%

	
–7%

	
–8%




	
Lake

	
Sc1

	
(7%)

	
(9%)

	
(7%)

	
(9%)

	
7%

	
9%

	
8%

	
9%

	
7%

	
7%




	
Sc2

	
–3%

	
–3%

	
–2%

	
–4%

	
–3%

	
–4%

	
–2%

	
–2%

	
–2%

	
–3%




	
Sc3

	
–4%

	
–5%

	
–3%

	
–6%

	
–5%

	
–6%

	
–3%

	
–4%

	
–4%

	
–5%




	
Willow

	
Sc1

	
(11%)

	
(23%)

	
(10%)

	
(24%)

	
(10%)

	
(22%)

	
(11%)

	
(24%)

	
(11%)

	
(23%)




	
Sc2

	
(–3%)

	
(–8%)

	
(–3%)

	
(–8%)

	
–3%

	
(–8%)

	
–3%

	
(–8%)

	
–3%

	
(–8%)




	
Sc3

	
(–5%)

	
(–12%)

	
(–5%)

	
(–12%)

	
(–5%)

	
(–12%)

	
(–4%)

	
(–11%)

	
(–5%)

	
(–11%)
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